1. INTRODUCTION {#sec1}
===============

The sheer complexity of most ecosystems has long attracted and baffled scientists. For instance, Charles Darwin represented the complexity of ecosystems as a "tangled bank" \[[@r1]\], and Thomas Brock once described the clarification of microbial diversity in nature as "mumbo jumbo" \[[@r2]\]. In the present post-genomic era of molecular ecology, we have been confronted with the realization that the immense taxonomic and functional diversity of most natural microbial communities render them intractable for comprehensive mechanistic studies. For example, natural soil microbiomes are critical for the functioning of terrestrial ecosystems \[[@r3]\] and are extremely diverse from both the taxonomic and functional aspects; for instance, 1 g of soil may harbor 10^9^ microbial cells with representatives from 10^3^-10^6^ species \[[@r4], [@r5]\]. Furthermore, we know that microbes respond to each other to achieve emergent, higher order metabolic functioning and genetic adaptation \[[@r6]-[@r8]\] making it essentially impossible to translate the knowledge gained from isolates to complex natural systems.

At the turn of the century, synthetic ecology emerged as a nascent offshoot of synthetic biology \[[@r9]\]. Many consortial systems are being designed and/or adapted for biotechnological applications such as biofuel/bioproduct synthesis and management of greenhouse gases \[[@r10]-[@r12]\]. In addition, this movement has revealed a new paradigm for studying the natural microbial ecosystems. Rather than attempting to decompose the so-called "tangled bank", the complexity is managed in model microbial consortia which are designed and built \[[@r13]-[@r15]\] (Fig. **[1](#F1){ref-type="fig"}**). This practice is now common, and the number of experimental systems continues to grow for testing and learning ecological theories and validating hypothesis. We should choose the appropriate model consortia that are useful to answer questions that we want to solve. [Fig. (**[2](#F2){ref-type="fig"}**)](#F2){ref-type="fig"} summarizes the microbial ecological methods applicable to microbial consortia, depending on complexity.

In this review, we introduce several approaches that have effectively used model communities (two-species co-cultures, three-species and higher member complex co-cultures, and enriched model systems) to elucidate the microbial community functions and behaviors from wide viewpoints, *i.e.,* gene regulatory networks, metabolic interactions, and ecological theory (Fig. **[2](#F2){ref-type="fig"}**). In addition, we provide some perspectives on the limitations and emerging opportunities with these approaches as well as highlight the possible consequences of applying these approaches.

2. TWO-SPECIES CO-CULTURE - THE SIMPLEST COMMUNITIES {#sec2}
====================================================

The reduction of the complexity in natural microbial communities is severe. However, the knowledge about interactions in one-to-one relationships (*e.g.,* styles and sign of interactions) is fundamental as "edges" (interaction) between "nodes" (species) in the network structure of the microbial community. Thus, clarifying the actual, or at least potential, interaction between two species is a key step for untangling the complex network structure, and a two-species co-culture, *i.e.,* binary communities, offers numerous advantages as a model system (Fig. **[2](#F2){ref-type="fig"}**).

Binary systems have been utilized for understanding ecological principles governing species coexistence and community dynamics (see below). The characteristics of microorganisms (*e.g.,* small individual size, large population size, and short generation time) are advantageous for performing experimental approaches for the establishment and verification of ecological theories, which are difficult to realize by using higher organisms. Beginning with the historical work by Gause \[[@r16]\], which describes the population dynamics of competitive and predator-prey relationships in co-culture experiments using protozoa and yeast, the empirical model microcosm approaches helped establish and improve the theoretical framework of general population ecology, which can be applied to all types of biological populations (*e.g.,* competitive exclusion principle \[[@r17]\] and Lotka-Volterra equation \[[@r18]\]). In addition to the trophic interactions, interspecies interactions mediated by secreted diffusible compounds such as antibiotics, organic acids, hydrogen peroxide, and growth factors have also been well characterized \[[@r19]-[@r23]\]. Studies using binary co-culture system have discovered contact-dependent interactions \[[@r24]-[@r27]\], which are difficult to be addressed using pure-culture systems or genome mining approaches. Nowadays, the Type VI Secretion System (T6SS), a contact-dependent interference system, is known to distribute among a wide variety of Gram-negative bacteria (more than one-fourth of species in which genomic information has been reported) \[[@r28]\].

Physiological, biochemical, and genetic approaches, and, recently, transcriptomic analysis have been implemented in several studies to reveal global expression profile upon syntrophic interactions (Fig. **[2](#F2){ref-type="fig"}**). Such approaches contribute to obtaining more detailed molecular profiles as well as to achieve greater insights into interspecies interactions. Data obtained from syntrophic co-culture systems showed drastic changes in the gene expression profiles in both syntrophic bacterial \[[@r29], [@r30]\] and methanogenic archaeal populations \[[@r31]\], and the key genes for a syntrophic cooperative lifestyle were clarified. Transcriptome analysis was utilized in other model dual-culture systems \[[@r6], [@r32]\]. Bernstein *et al.* investigated the genes differentially expressed in a cyanobacterium in partnership with a heterotrophic bacterium and found that not only metabolism-related genes but also other genes such as stress-response genes are key factors for this partnership \[[@r6]\]. Thus, the analysis for the global gene expression profiles will provide a more comprehensive picture of interspecies relationships, including overlooked or unexpected information. Now the RNA-sequencing technique can extract information only about focal population from a mixed RNA sample, thereby contributing to the wide use of transcriptomics for mixed culture systems, where the separation of each population from the entire mixed population is often problematic. For detailed characterization of interaction, omics technologies other than transcriptome have been applied to binary co-culture systems (Fig. **[2](#F2){ref-type="fig"}**): proteomics \[[@r33], [@r34]\] and metabolomics \[[@r35], [@r36]\]. These studies will elucidate the metabolic pathways in microbial consortia and their metabolic interaction network with the help of *in silico* approaches \[[@r13], [@r37], [@r38]\].

Binary systems have been also used to experimentally study the evolutionary aspects of multispecies communities. It is well-recognized that the ecological and evolutionary processes reciprocally influence each other (the eco-evolutionary feedbacks) \[[@r39]\]. The relatively small size of the bacterial genome and the recent advances in massive sequencing techniques have facilitated researchers to track the evolutionary history by detecting genetic variations in the course of laboratory evolution experiments (Fig. **[2](#F2){ref-type="fig"}**). Harcomb demonstrated how cooperative behavior evolves \[[@r40]\]. Another example of the evolution of cooperation was provided by Hillesland and Stahl; they used the syntrophic bacterium *Desulfovibrio* sp. and its methanogenic archaea partner and found an increase in fitness during the course of the evolutionary experiment \[[@r41]\]. Hence, binary co-culture systems can be utilized to investigate the evolutionary origin and the developmental process of cooperative interactions. Similarly, antagonistic co-evolution, which is widely observed in natural ecosystem, also known as the evolutionary arms race, has also been investigated by the co-culture evolution experiments. Protozoa and bacteriophages are known to alter the evolutionary dynamics of bacteria \[[@r42]-[@r44]\]. Tognon *et al.* showed that evolution of *Pseudomonas aeruginosa* was affected by cohabiting *Staphylococcus aureus*, and *P. aeruginosa* clearly followed distinct evolutionary trajectories in the co-culture \[[@r45]\]. The evolutionary ecological studies on the antagonistic interactions are described below.

Most microbial cells are attached to interfaces to form a multicellular structure, namely biofilm, in natural settings. Biofilm offers a place for active interactions. Culture experiment of multispecies biofilms has suggested a unique way of spatial organization and coexistence of competing populations. It has been demonstrated that the structure and volume of the biofilm formed at the solid surface by pathogenic bacteria are altered by interspecies interactions. The opportunistic pathogen *P. aeruginosa,* shows a distinct biofilm structure from that formed by *P. aeruginosa* only when it coexists with another pathogen, *Stenotrophomonas maltophilia* \[[@r46]\]. In the case of *Escherichia coli*, the biofilm formation is promoted by signal molecules provided by other cohabiting enterobacterial species \[[@r47]\]. Wong *et al.* examined the population dynamics of *Vibrio cholerae* and *Aeromonas hydrophila* in a 2D plane and demonstrated that reciprocal antagonistic interactions (killing by T6SS) allowed them to coexist; each population exhibited a mosaic or patchy distribution as a result of contact-dependent killing of each other \[[@r48]\]. Thus, the model binary culture system combined with microscopic techniques (Fig. **[2](#F2){ref-type="fig"}**) can be used to visualize spatial organization of interacting species to gain an insight into the distribution of each member in the complex biofilm community *in situ*.

3. THREE-SPECIES AND MORE COMPLEX CO-CULTURES {#sec3}
=============================================

The utility of model microbial consortia is that they provide a simplified system that encapsulates some known properties of more complex microbiomes which are not easily studied. Hence, higher-member co-cultures, *i.e.,* more than two-species, are typically more relevant as model systems. However, systems composed of three or more elements are completely different from the two-element simplest system because the complexity of three-element systems considerably increases due to forming a complex network and mathematical simulation for three-element systems is extremely hard. It has been widely recognized that interspecies interactions in binary communities are context-dependent and variable depending on the environmental conditions and the third-party, *i.e.,* indirect effects \[[@r49], [@r50]\]. The challenge lies in the fact that the complexity of a microbial community - as defined by the number of potential physical and metabolic interactions - scales non-linearly with the number of participating species \[[@r51]\].

Advanced microbial ecological techniques such as NGS, digital PCR, DNA biochip, and multi-colored Fluorescence *In Situ* Hybridization (FISH) can enable the efficient tracking of the population dynamics of each member, even in \>10 species mixed cultures (Fig. **[2](#F2){ref-type="fig"}**). Furthermore, sophisticated microfluidic cultivation devices are available for real-time imaging of the spatiotemporal organization of microbial communities at the single-cell level \[[@r52]-[@r54]\]. A variety of metabolic modeling tools have been developed for complex consortia \[[@r15], [@r55]-[@r60]\]. As well as forward engineering approaches, *i.e.,* building-up of synthetic communities (*e.g.,* \[[@r61]\]), we are able to employ reverse engineering approaches to investigate the roles of the members of microbial communities, as Kato and colleagues generated "knock-out" communities in which one of the members was eliminated from the original five-member community \[[@r62]\].

Synergetic and complemental effects of the members allow them to stably coexist. Some studies using 3-7 species mixed cultures provided straightforward scenarios:

\[Example [@r1]\] Rock-Paper-Scissors relationship among three genetically modified *E. coli* strains (a colisin producing strain with the slowest growth rate, a colisin resistant strain with the medium growth rate, and a colisin sensitive strain with the fastest growth rate) \[[@r63]\];

\[Example [@r2]\] a decoy rescues a prey from a predatory bacterium through nonproductive attachments of the predator on the decoy \[[@r64]\];

\[Example [@r3]\] Species A helps Species B, and Species B is required by Species C in a fermented drink \[[@r65]\];

\[Example [@r4]\] Species A inhibits Species B but not Species C, and Species B is surrounded by Species C to keep away from Species A in a biofilm \[[@r66]\];

\[Example [@r5]\] Species A inhibits Species B, Species B promotes Species C, and Species C suppresses the inhibitory effect of Species A in a cellulose-degrading microbial consortium \[[@r62], [@r67]\].

These studies indicate that the structural stability of microbial ecosystems requires not only cooperative interactions but also suppressive interactions to avoid over-growth of one of the members \[[@r68]\]. Narisawa *et al.* \[[@r66]\] found an attractive implication that suppressive interactions between some members through antibiotic production tighten the cell-cell association in biofilms. A theoretical and experimental study by Kelsic *et al.* \[[@r69]\] suggested that antibiotic production and degradation allows large numbers of species to coexist.

These synthetic approaches generalize the observations made in the microbial ecosystems and help developing and examining microbial ecological theory (Fig. **[1](#F1){ref-type="fig"}**) \[[@r70]\]. In the following sections, we introduce sets of synthetic microbial ecological researches that investigated *diversity-productivity relationships*, *diversity-robustness relationships*, and *evolution-cooperativity relationships*.

Biomass production is frequently measured as ecosystem functions since it is a fundamentally important character for ecosystems including microbial ecosystems. It has long been suggested that biodiversity increases the productivity of the ecosystems \[[@r71]\]. Hodgson *et al.* constructed synthetic communities with genetically different *Pseudomonas fluorescens* strains to show that diversification increased productivity \[[@r72]\]. Bell *et al.* observed a similar trend by culturing mixtures of 72 bacterial species \[[@r73]\]. However, this diversity-productivity relationship may not be always applicable. Schmidtke *et al.* reported that an increase in the diversity of a synthetic phytoplankton community (cyanobacteria, green algae, diatom, and phytoflagellate) decreases biomass production \[[@r74]\]. The composition of synthetic communities should also be considered, as Venail and Vives showed that synthetic communities composed of phylogenetically distant species were less productive \[[@r75]\]. These synthetic ecological reports indicate the importance of additional factors as well, for example, the availability of a variety of nutrients, the growth yields of each member, competitive interactions among members, and homogeneity of environments. The effects of the availability of nutrients on the community members have been examined by comparison of synthetic bacterial communities dominated by generalists and specialists \[[@r76]\]. They detected more clear relationships between biodiversity and productivity in specialist-dominated communities.

Biodiversity probably enhances the robustness of the microbial ecosystems. Synthetic communities with higher diversity showed higher functional resistance against perturbation in a bacterial community investigated by Hodgson *et al.* \[[@r72]\] and in a green algal community by Li *et al.* \[[@r77]\]. Wittebolle *et al.* examined how initial species evenness affects the functional stability of a bacterial mixed culture containing 18 strains \[[@r78]\]. Their results show that communities with higher unevenness have lower functional stability, that is, lower robustness against environmental stress.

Since the 19^th^ century, it has been recognized that interspecies interactions are an important factor of adaptation, and evolutionary ecology continuously highlights how interspecies interactions drive the evolution of organisms. Antagonistic interactions are believed to accelerate evolutionary changes. This has been known as the Red Queen hypothesis. Experimental coevolution studies using two species co-cultures support this hypothesis and further indicate that co-evolution results in diversification \[[@r79]\]. Recently, Baumgartner *et al.* \[[@r80]\] showed that genome reduction made bacteria adaptive to nutrient-limited environments and predation.

Environmental microbiological studies identified streamlined genomes in a variety of bacteria in nature \[[@r81]\]. Fiegna *et al.* synthesized a 12-species community and examined the effects of species richness on evolution. In their experimental setting, interactions among a limited number of species stimulated evolution, but not in the communities composed of larger number of species \[[@r82]\]. In 2012, the Black Queen hypothesis, which states that bacteria evolve to streamline their genomes by relying on other organisms, was proposed \[[@r83]\] and is currently being extensively discussed \[[@r84], [@r85]\]. To address this hypothesis, synthetic microbial communities are designed and studied to obtain useful implications. The keywords are "cooperativity" and "interdependency". The extracellular secretion of public goods in the community is a sort of cooperative association, whereas the synthesis of goods incurs the cost of energy and nutrients \[[@r86], [@r87]\]. In microbial ecosystems, siderophore and polymer-degrading enzymes are good examples. Siderophore - an iron-chelating compound - is produced by a member in the community could help others to incorporate iron \[[@r88]\]. Polymer-degrading enzymes such as glycosidases and proteases make polymeric compounds smaller and easily utilizable as nutrients. Rakoff-Nahoum *et al.* found that glycosidase production enhanced the coexistence of 7 bacterial species in a synthetic community \[[@r89]\]. This was observed in trophic associations. Mee *et al.* used 14 types of auxotrophic *E. coli* and systematically combined them to synthesize a series of microbial communities \[[@r90]\]. Their findings indicate that the exchange of costly resources tends to strengthen the cooperation. Adequate knowledge about the types of interactions and their combinations in the ecosystems are necessary to develop ecological theory describing ecosystems dynamics and functions, as indicated in the theoretical study by Mougi and Kondou \[[@r91]\].

Very recently, Friedman *et al.* proposed a new assembly rule of microbial species and tested the rule using 2-3 species mixed cultures with comprehensive combinations of 8 bacterial species \[[@r92]\]. Their simple rule does not require a large number of parameter values but only the qualitative information about the outcome of competitions (*i.e.,* coexistence or extinction) among a limited number of species to predict the overall community structure composed of diverse species. As shown in their pioneering study, theoretical approaches will be helpful to explain how individual members or pairwise interactions build up microbial consortia and would open doors to research the complexity of microbial ecosystems.

4. ENRICHED MODEL SYSTEMS {#sec4}
=========================

In general, simplified model microbial community is recognized as a defined mixed culture composed of isolated microorganisms. However, synthetic biological approach knocks out a part of the biological system or builds it up in order to simplify the systems in an organism. Considering this aspect, enrichment culturing from natural microbiota and engineering of enriched microbial consortia are also attractive approaches in the field of microbial ecology for understanding microbial ecosystems. Nowadays, several molecular ecological methods such as meta-transcriptomics and meta-proteomics are applicable to complex microbial ecosystems and the data obtained by these omics can be utilized for metabolic modelling of the ecosystems (Fig. **[2](#F2){ref-type="fig"}**).

Enrichment cultivation is a traditional bioengineering method. Prior to realizing microbial life and developing isolation techniques, we obtain the desired microbial communities from nature by repetitive cultivation under appropriate selective pressures, for example, food fermentations, wastewater treatments, and composting. "Enrichment cultivation" refers to artificial selection performed to simulate a function or behavior of microbial communities in natural environments \[[@r93]\]. In this process, undesired members are subtracted (−), desired new members are combined (+), and desired and undesired functions are promoted or repressed by increasing or decreasing the population of members (×) respectively. In some cases, different members or functions are spatially divided (÷) (Fig. **[3](#F3){ref-type="fig"}**). These "synthesized" microbial communities have been applied to several industries \[[@r94], [@r95]\], and these synthetic approaches also imply the microbial ecological rules. Examples for each of the synthesized processes (−, +, ×, and ÷) are described below:

***− (subtract)*:** essentially, the "enrichment" processes remove undesired or unessential members from the natural microbiota by stimulating the growth of the required members and limiting dilution through repetitive cultivation. Knowledge of the appropriate selective conditions that promote the growth of the desired microbes helps (*e.g.,* \[[@r96]-[@r102]\]). The application of antibiotics, phages, predating protists, and physicochemical treatments such as heat, desiccation, and deoxygenation/oxygenation allow to subtract some microbial species from a consortium. Some chemicals are also available to inhibit certain reactions of microbes, for example, 2-bromoethanesulfonate is used to inhibit methanogenesis and molybdate to inhibit sulfate reduction. Analyses of the succession of microbial communities during enrichment processes are a good indicator for understanding relationships between the microbial community structure and functions. This information would help distinguish microbes or microbial associations that suppress the desired community function. However, only limited studies have reported the succession of microbial communities during the enrichment process. Swenson *et al.* systematically evaluated the community function of 3-chloroaniline degradation among the enrichment cultures and their observation proposed a relationship between the functional stability and the magnitude of the selective pressure \[[@r103]\]. Based on the experimental observations made by Swenson *et al.,* Williams and Lenton applied a simulation approach to the enrichment processes and reported that the responses of the microbial communities to environmental changes can be achieved not through independent responses of individual members, but through interspecies interaction \[[@r104]\]. Garcia *et al.* successfully obtained microbial consortia that shows the productivity of freshwater microbiota through the limiting dilution approach \[[@r105]\]. Comparative metagenomic analyses of their microbial consortia provided useful information about interspecies interactions with evolutional aspects. Recently, comparative network analyses were widely applied to microbial consortia in the intestine to characterize topological changes of the microbial association network by application of antibiotics \[[@r106], [@r107]\].

***+ (add)*:** in this approach, several sources of microbial communities or several types of microbial consortia are empirically combined to efficiently synthesize the desired functional microbial consortia (*e.g.,* \[[@r96], [@r98], [@r100]\]). The integration of different microbial consortia would increase biodiversity and result in increased availability of nutrients and functional stability.

Another prominent example of the "add" approach is bioaugmentation, one of the methods of bioremediation, in which cultured microorganisms are inoculated into the natural microbiota to help remove contaminants \[[@r108]\]. Similarly, the administration of probiotics to animals and plants is also an example of the "add" approach \[[@r109], [@r110]\]. Most of these past studies showed that the effects of the addition of microbes did not last for long and the exogenous microbes were kicked out over time (*e.g.,* 3-chloroaniline degrading bacterium into activated sludge \[[@r111]\]). These observations imply that well-developed microbial ecosystems are highly resilient against the invasion by additional members, and the interspecies associations established in microbial ecosystems are hardly altered. However, Laurinavichene *et al.* successfully integrated a purple photosynthetic bacterium into an enriched microbial consortium \[[@r112]\]. Illumination possibly opened an additional niche for the purple bacterium in the established microbial consortium. Narisawa *et al.* introduced additional cellulose-degrading strain into a cellulose-degrading bacterial consortium which grew well on cellulose at 50°C, but not at 60°C \[[@r113]\]. The additional strain could not survive in the consortium cultivated at 50°C. However, cultivation at 60°C induced rearrangement of the community structure and allowed the consortium to accept the invasion by this exogenous bacterium. These observations indicate that the creation of a free niche to disturb the established community structure is required for invader species as suggested by Adam *et al.* \[[@r114]\] and Kinnunen *et al.* \[[@r115]\].

***× (multiply)*:** in the research field of ecology, the effects of changes in the nutrient supply and abiotic factors on the natural microbiota have been extensively studied \[[@r116]\]. These environmental disturbances affect ecosystems by allowing the population of some organisms to multiply. As a biotechnological application, biostimulation is a good example of "multiply by \>1" approach. Suppressive disturbance described as "multiply by \<1" (*e.g.,* starvation of a nutrient and RNAi) reduces the population or activity of particular members in a community. These "multiply" approaches may not completely break down the microbial association network in microbial communities, but may also strengthen or weaken some of the interspecies interactions. Analyses of the effects of "multiply" on enriched microbial consortia provide valuable information to understand the behaviors of microbial community as a system \[[@r117]\]. For example, a recent study introduced organic nutrients into an anaerobic sludge in a wastewater treatment process, followed by functional and structural analyses of the resultant microbial consortia \[[@r118]\]. In their study, they identified that amendment of molasses improved the community function without any significant impact on the community structure, but glucose amendment destabilized the function and induced a substantial change in the community structure. These approaches move microbial ecological studies forward to the further questions such as how competitive relationships contribute to the properties of a microbial consortia, for example, to resilience and robustness.

***÷ (divide)*:** in natural ecosystems, niche separation is a potent factor to conserve biodiversity \[[@r119]\]. In industrial engineering, compartmentalization of microbial communities can be achieved spatially and temporally, for example, in an aerobic chamber and anaerobic chamber installed into wastewater treatment plants. On a micro-scale, compartmentalization (a "divide") is achieved by forming granule and film \[[@r120]-[@r122]\]. During the enrichment cultivations, systematic analyses of granule/film formation will be desirable to clarify the self-organizing ability of a microbial consortia. In addition to the trophic interspecies interactions, tactic behaviors contribute to the spatial organization. Recent studies have reported that interspecies interactions drive cellular motilities \[[@r123], [@r124]\].

Compared with the natural microbiota composed of over thousands of prokaryotic species, viruses, micro-eukaryotes, and protists, the enriched microbial consortia described here are highly simplified to be understandable, but still highly complex. It is not easy to identify all the members of enriched microbial consortia, but distinctive behaviors of most members and their functional guilds are tractable. Enriched microbial consortia are a sort of complex systems. Further advancements in these studies using high throughput analytical techniques as shown in [Fig. (**[2](#F2){ref-type="fig"}**)](#F2){ref-type="fig"} may hopefully provide clues to build a complex systems theory.

5. GENERAL PERSPECTIVES ON MODEL MICROBIAL CONSORTIA {#sec5}
====================================================

Advanced analytical techniques including DNA sequencing and mass spectrometry provide deep and wide insights into the profiles of mRNA, protein, and metabolite of microbial cells and microbial communities. We can analyze mixed cultures by considering them as a set of multi-organisms \[[@r125], [@r126]\]. Nowadays, researchers are attempting to elucidate *in vivo* microbial behaviors in host plants and animals by applying 7-38 species of bacteria to the system \[[@r127]-[@r129]\]. The number of molecules and cells that are tractable is increasing every year. In addition, the development of devices for co-cultivation is also proving helpful, for example, glass slide chambers and compartmented microfluidic devises realizing high-throughput cultivation and imaging with high resolution \[[@r53], [@r130]\]; 3D printing is also now available to make new micro-cultivation devices mimicking complex spatial structures of natural microbial habitats \[[@r131]\]. Of course, isolation techniques of not-yet-cultured microorganisms from natural microbiota are also quite important to reveal their functions \[[@r132]\]. Recently, high-throughput cultivation approaches, so-called "culturomics" were applied to characterize microbial communities \[[@r133]\].

The emerging reductionistic approaches always update microbial ecology. In this field, bioinformatics act as an indispensable tool to process huge datasets \[[@r134]\]. The integration of biological information and metabolic and thermodynamics flux balance analyses helps promote these researches \[[@r40], [@r135]-[@r140]\]. The biological information should include genome sequence of individuals and cell-cell interactions such as trophic interactions (*e.g.,* cross-feeding and competition), extracellular signaling (*e.g.,* antibiotics, quorum sensing chemicals, and membrane vesicles), and public goods. Mathematical modeling and simulation are crucial to design synthetic ecological experiments \[[@r141]\], as well as to predict the microbial behaviors in microbial ecosystems and to explore ecological theory (Fig. **[1](#F1){ref-type="fig"}**) \[[@r117], [@r142]\]. In the meanwhile, it has been observed that unpredictable chaotic behavior of population dynamics emerges even in simple microbial ecosystems, such as in three-species mixed culture \[[@r143]\]. Chaotic behaviors may be attributed to subtle changes in conditions that are hard to detect and regulate.

We are currently observing microbial interactions and their assembly on a micro-scale level. We are also aware of microbial mats and granules as semi-microscale microbial world \[[@r144]\]. However, it is actually impossible to define the unit of microbial ecosystems. Recent studies are working on expanding the scale of target ecosystems beyond prokaryotic and micro-eukaryotic worlds, that is, to microecosystems involving protists and viruses \[[@r142]\] and macroecosystems as a part of fauna \[[@r145]\] and flora \[[@r146], [@r147]\]. Microbial diversity, even in a limited environment seems to be beyond practical calculation, although the genetic diversity can be extrapolated by deep sequencing. Beyond reductionism describing all elements in a system individually, we have to describe the complexity of a system and the dynamics of complexity and its ambiguity. Novel mathematical approaches are required for the next step to overcome the analytical limitations imposed by the integration of systems biology and complex systems science.

CONCLUSION
==========

A variety of ecological theories have long been proposed for macro- and micro-ecosystems. Recent mathematical modeling studies have provided ecological rules and principles (*e.g.,* \[[@r84], [@r148], [@r149]\]). If we could obtain the appropriate microbes, synthetic microbial communities are the best tools to test the ecological theory, with the advantages of easy handling and tracking and an appropriate run time. Electricity-driven and photosynthesis-driven artificial microbial communities could provide desirable systems for testing the theory and rules, since the energy supply to the systems is easily regulated by electricity or illumination \[[@r150], [@r151]\]. Designed microbial communities could be a potential model to experimentally characterize not only ecosystems but also various complex systems such as economy and human society.
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